Abstract: Aberrant JAK-STAT signaling is a hallmark of myeloproliferative neoplasms (MPNs). These hyperproliferative disorders are classically associated with activating mutations in tyrosine kinases such as JAK2 and the thrombopoietin (TPO) receptor MPL. Activation of JAK-STAT signaling and responses to JAK2 inhibitors have been observed in MPN patients lacking JAK2 or MPL mutations, suggesting that other regulatory elements in the JAK-STAT pathway are altered. However, the molecular basis for this observation has been unclear. Recently, the role of inhibitory regulators of JAK-STAT signaling in MPN pathogenesis has been increasingly recognized. LNK is an adaptor protein that forms a negative feedback loop by binding to MPL and JAK2 and inhibiting downstream STAT activation. Murine models indicate that loss of LNK function can promote the development of a MPN phenotype. Several recent studies have identified novel LNK mutations in MPNs, thus validating this notion in humans. These findings represent a novel genetic paradigm of loss of negative feedback regulation of JAK-STAT activation in MPNs and have implications for the future development of targeted therapies in MPNs.
Introduction
Myeloproliferative neoplasms (MPNs) are clonal hematologic malignancies derived from hematopoietic stem/progenitor cells and are characterized by unrestrained proliferation leading to overproduction of one or more myeloid lineages. The three classic chronic myeloproliferative neoplasms (MPNs) polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF) have an estimated aggregate incidence of 5/100,000 persons, or approximately 15,000 new cases in the United States annually [Mesa et al. 1999; Ania et al. 1994] . Although phlebotomy and/or cytoreductive therapies can often effectively manage elevated blood counts, patients with PV and ET may experience significant morbidity associated with thrombosis and bleeding. In addition, these patients carry a risk of transformation to myelofibrosis, for which current treatment options are limited. All three of these disorders exhibit a propensity for transformation to acute myeloid leukemia (AML), for which the prognosis is poor.
Dysregulated JAK-STAT signaling via activated tyrosine kinases in MPNs JAK2 is a cytoplasmic tyrosine kinase that associates with a variety of cytokine receptors (e.g. EPOR, MPL, IL-3R, G-CSFR, GM-CSFR) and becomes activated upon ligand binding ( Figure 1a ) [Ihle and Gilliland, 2007] . JAK2 knockout mice are embryonic lethal due to an absence of effective erythropoiesis [Neubauer et al. 1998; Parganas et al. 1998 ]. Fetal liver myeloid progenitors from JAK2 À/À mice fail to respond to erythropoietin (EPO), thrombopoietin (TPO), interleukin-3 (IL-3), or granulocyte macrophage-colony stimulating factor (GM-CSF), indicating that JAK2 is essential for transmitting signals via these cytokines [Parganas et al. 1998 ]. Upon receptor-ligand binding, JAK2 autophosphorylation occurs, subsequently leading to activation of downstream signaling via recruitment of Src homology 2 (SH2)-domaincontaining proteins such as STAT3 and STAT5. After phosphorylation by JAK2, the STAT proteins dimerize and translocate to the nucleus, where they activate transcription of target genes involved in regulating a variety of cellular processes, including proliferation, differentiation, and apoptosis [Valentino and Pierre, 2006; Kisseleva et al. 2002] .
In 2005, multiple groups identified the JAK2 V617F mutation in patients with PV, ET, and PMF ( Figure 1b) [Baxter et al. 2005; James et al. 2005; Kralovics et al. 2005; Levine et al. 2005] . Multiple subsequent studies have confirmed these findings, indicating that >95% of PV patients are JAK2 V617F-positive, while approximately 5060% of ET and PMF patients carry the mutation [Tefferi, 2008; Levine and Wernig, 2006] . The V617F mutation localizes to the autoinhibitory pseudokinase domain of JAK2 and results in constitutive activation of JAK2 tyrosine kinase activity [Baxter et al. 2005; James et al. 2005; Kralovics et al. 2005; Levine et al. 2005] . Overexpression of JAK2 V617F in cell lines leads to phosphorylation of JAK2 and STAT5 in the absence of cytokine stimulation, and cells expressing the mutant allele exhibit cytokine independence and/or hypersensitivity [Baxter et al. 2005; James et al. 2005; Kralovics et al. 2005] . Based on modeling studies, it has been postulated that the V617F mutation causes a structural change in the pseudokinase domain, relieving inhibition of JAK2 kinase activity, thereby leading to activated downstream signaling.
The identification of the JAK2 V617F mutation in PV, ET, and PMF raises the question of how a single mutation can result in such phenotypic diversity. In murine retroviral transplant models, high levels of JAK2 V617F expression lead to a PV-like phenotype, with marked erythrocytosis as the predominant feature [Bumm et al. 2006; Lacout et al. 2006] . In contrast, transgenic models with more physiologic levels of JAK2 V617F expression result in phenotypes resembling ET and PMF [Shide et al. 2008; Tiedt et al. 2008; Xing et al. 2008] . These findings are somewhat corroborated by human studies, in which the highest JAK2 V617F allele burden is typically seen in PV patients, and the lowest in ET patients Tiedt et al. 2008; Vannucchi et al. 2008] . In addition to the V617F mutation, a variety of missense, insertion, and deletion mutations in exon 12 of JAK2 have been identified in a subset of patients with idiopathic erythrocytosis (Figure 1b ) [Scott et al. 2007] . The mutations are located just 5 0 of the pseudokinase domain, and like V617F, are speculated to cause a structural change resulting in JAK2 activation. This is supported by cell line experiments, in which the mutant alleles confer IL-3 independent growth and constitutive phosphorylation of JAK2. In addition, in murine retroviral transplant models, one of the mutant alleles (K539L) causes erythrocytosis. In contrast to the JAK2 V617F mutation, exon 12 mutations are restricted to PV [Pietra et al. 2008; Wang et al. 2008; Pardanani et al. 2007; Scott et al. 2007] . These findings suggest that the specific type of mutation in JAK2 may confer disparate clinical phenotypes, perhaps mediating differential effects on downstream signaling.
Activating mutations in the transmembrane domain of the TPO receptor MPL (W515L/K) have been reported in small numbers of ET (1%) and PMF (5%) patients ( Figure 1b ) [Pardanani et al. 2006; Pikman et al. 2006] . Overexpression of the mutant MPL W515L allele in cell lines leads to cytokine-independent growth, TPO hypersensitivity, and activated JAK-STAT signaling. In retroviral transplant models, the W515L allele results in marked thrombocytosis, splenomegaly, and reticulin fibrosis, but not erythrocytosis. MPL W515L/K mutations have not been found in PV, or other myeloid disorders such as myelodysplastic syndrome (MDS), chronic myelomonocytic leukemia (CMML), or AML [Pardanani et al. 2006] .
Taken together, these findings demonstrate that aberrant JAK-STAT signaling due to activating mutations in tyrosine kinases is a recurrent biologic feature of MPNs. In addition, activation of JAK-STAT signaling has been demonstrated in some MPN patients lacking JAK2 or MPL mutations, suggesting that alterations in other regulatory members of the JAK-STAT axis may be responsible for driving the pathogenesis of these MPNs. However, the molecular basis of these MPN cases has largely been unexplained. While several studies have identified additional genes mutated in MPNs (e.g. TET2, IDH1/2, ASXL1, IKZF1, CBL) considerable recent attention has focused on the role of the adaptor protein LNK in MPN pathogenesis.
LNK: a critical regulator of JAK-STAT signaling and hematopoiesis LNK, APS, and SH2-B are members of a family of adaptor proteins that share several structural motifs, including a proline-rich N-terminal dimerization domain (Pro/DD), a pleckstrin homology (PH) domain, an SH2 domain, and a conserved tyrosine residue near the C-terminus (Figure 2a ) [Rudd, 2001] . Early studies implicated LNK in the regulation of T-cell and B-cell signaling and development [Rudd, 2001; Li et al. 2000; Takaki et al. 2000 Takaki et al. , 1997 Huang et al. 1995] . Subsequent studies revealed a more widespread role for LNK in myeloid development and hematopoiesis. For example, LNK À/À mice have an expanded hematopoietic stem cell (HSC) compartment. [Bersenev et al. 2008; Ema et al. 2005; Takaki et al. 2002; Velazquez et al. 2002] In addition, LNK À/À mice exhibit leukocytosis and thrombocytosis, as well as splenomegaly with marked fibrosis and extramedullary hematopoiesis [Tong and Lodish, 2004; Velazquez et al. 2002] . Megakaryocytic hyperplasia has also been observed in both the spleen and bone marrow from LNK À/À mice [Tong and Lodish, 2004; Velazquez et al. 2002] mice [Tong and Lodish, 2004] .
LNK also appears to play a role in erythroid development. Erythroid hyperplasia has been demonstrated in the spleen of LNK À/À mice [Velazquez et al. 2002] . Although hematocrit levels are not elevated, subtle differences in erythropoiesis may be masked by the large erythropoietic reserve activity observed in adult mice. In support of this notion, LNK À/À mice exhibit slightly higher numbers of erythroid progenitors in the bone marrow, and upon challenge with erythropoietic stress, superior recovery with an enhanced erythropoietic rate has been observed [Tong et al. 2005] . In addition, splenic erythroid progenitors derived from LNK À/À mice exhibit hypersensitivity to EPO, both in terms of colony formation as well as activation of JAK-STAT signaling [Tong et al. 2005] .
A direct role for LNK in regulating signaling via MPL and JAK2 has also been demonstrated. Bersenev and colleagues showed that while LNK binds to MPL constitutively, it exhibits weak binding to JAK2 in the basal state [Bersenev et al. 2008] . Upon stimulation with TPO, however, JAK2 becomes phosphorylated and binds to LNK with much higher affinity, thus forming a critical negative feedback loop ( Figure  3a) . A kinase-inactive mutant of JAK2 results in decreased binding to LNK, suggesting that JAK2 phosphorylates LNK, which may lead to its enhanced binding. Gery and colleagues demonstrated that LNK binds to MPL and colocalizes with MPL at the plasma membrane [Gery et al. 2007] . The SH2 domain of LNK is essential for this interaction, as well as for the inhibition of downstream signaling. In addition, the PH domain is required for membrane localization. Interestingly, LNK can bind and inhibit JAK2 V617F as well as MPL W515L [Gery et al. 2009 [Gery et al. , 2007 Bersenev et al. 2008] , suggesting that even in the presence of these activating mutations, additional mechanisms may need to be recruited in order to evade inhibition by LNK. In support of this notion, a recent study demonstrated that in mice expressing activated forms of JAK2 (either JAK2 V617F or the TEL-JAK2 fusion), loss of LNK function accelerates and exacerbates the development of an MPN-like disease [Bersenev et al. 2010] .
LNK may also play a role in mast cell development by inhibiting signaling mediated by stem cell factor (SCF) and its receptor KIT [Simon et al. 2008; Velazquez et al. 2002] . Hematopoietic progenitors from LNK À/À mice are hypersensitive to a variety of cytokines including SCF [Velazquez et al. 2002] . Furthermore, LNK has been shown to bind directly to KIT via its SH2 domain [Simon et al. 2008] . LNK has also been shown to inhibit SCF-induced signaling and proliferation in bone marrow mast cells isolated from LNK À/À mice [Simon et al. 2008] . These findings raise the question of whether LNK activity may be dysregulated in mast cell disorders such as systemic mastocytosis, although this has not been investigated directly.
Identification of novel LNK mutations in MPNs
The aforementioned studies clearly demonstrate that LNK plays a central role in the regulation of hematopoiesis, and that loss of its function in mice confers an MPN phenotype. We therefore hypothesized that LNK mutations could provide an alternative basis for JAK-STAT activation in MPN patients lacking JAK2 or MPL mutations. In a screen of 33 JAK2 V617F-negative ET and PMF patients, we identified two individuals with mutations in exon 2 of LNK (Figure 2a ) . One patient with PMF exhibited a five base-pair deletion and missense mutation (DEL) leading to a premature stop codon and loss of the pleckstrin homology (PH) and SH2 domains. A second patient with ET had a missense mutation (E208Q) in the PH domain. BaF3-MPL cells transduced with the LNK DEL mutant exhibited augmented and sustained TPO-dependent growth and signaling, consistent with a loss of LNK inhibitory function. The LNK E208Q mutant retained partial LNK inhibitory activity. Primary samples from these patients exhibited aberrant STAT3/5 activation in response to TPO and/or G-CSF stimulation, and a similar phenotype was observed in MPN patients bearing the JAK2 V617F and MPL W515L mutations. These findings indicate that JAK-STAT activation due to loss of LNK negative feedback regulation can phenocopy disease related to activating mutations in tyrosine kinases such as JAK2 or MPL.
In follow-up studies with an extended MPN cohort, we have identified additional patients with LNK exon 2 mutations [Oh and Gotlib, unpublished] . In addition, several recent reports have demonstrated that LNK mutations are present in a spectrum of myeloid disorders. In a screen of eight patients with JAK2 mutationnegative erythrocytosis, a LNK E208X stop codon mutation was identified in one patient (Figure 2b ) ]. This finding is particularly notable given that it represents the first non-JAK2 gene mutation identified in this MPN. In a separate report, Pardanani and colleagues sequenced 61 blast phase MPN samples, identifying five patients with nonsynonymous LNK mutations at blast phase (Table 1) . Three patients acquired LNK mutations only at blast phase, suggesting that LNK may play a role in transformation. Conversely, in two cases, LNK mutations were identified at chronic phase, but were no longer present at blast phase. This is reminiscent of some cases of JAK2 V617F-positive MPNs, in which the JAK2 V617F mutation can no longer be detected at transformation [Theocharides et al. 2007; Campbell et al. 2006] . Three of the patients with LNK mutations exhibited a concomitant JAK2 V617F mutation, and one patient was found to have an IDH2 R140Q mutation. However, no LNK mutations were indentified in a screen of 78 additional chronic phase MPN patients carrying one or more TET2, IDH, JAK2, or MPL mutations, indicating that LNK mutations infrequently coexist with other MPNassociated mutations. As LNK can still bind and inhibit JAK2 V617F and MPL W515L, these findings suggest that other mechanisms of abrogating LNK function may be invoked in these MPNs.
The majority of the LNK mutations identified to date localize to exon 2, implicating this as a possible mutational hotspot. In addition, virtually all of the missense mutations affect highly conserved residues in the PH domain, indicating that plasma membrane localization of LNK may be disrupted (Figure 2c ). Previous studies with synthetic LNK mutants have demonstrated that disruption of the PH domain results in loss of LNK inhibitory function [Bersenev et al. 2008; Gery et al. 2007; Tong and Lodish, 2004] . As most of the LNK mutations identified in MPNs appear to be heterozygous, an important biological question is whether loss of inhibition of JAK-STAT activation is related to haploinsufficiency of LNK or due to dominant negative effects of the mutant protein. In support of the former notion, LNK þ/À mice exhibit an intermediate MPN phenotype, consistent with a haploinsufficiency model [Velazquez et al. 2002] . In addition, LNK mutations affecting the PH domain (but sparing the DD domain) could lead to sequestering of the wild-type protein, thus resulting in a dominant negative effect (Figure 3b ).
Similar to the presence of JAK2 V617F in PV, ET, and PMF, the identification of LNK mutations in multiple MPN subtypes raises the question as to how these mutations may confer disease specificity. One possibility is that specific LNK mutations lead to differential effects on LNK inhibitory function and JAK-STAT signaling. In support of this notion, the LNK E208Q mutation results in a partial loss of function, and was identified in a patient with ET, whereas the LNK DEL mutation, which results in a complete loss of LNK inhibitory properties, was found in a patient with PMF . As the DEL mutation leads to loss of both the PH and SH2 domains, this is likely to contribute to its more drastic effect on LNK function. This is supported by prior studies demonstrating that a synthetic PH domain mutation retains partial LNK activity, while mutations affecting the SH2 domain result in loss of binding to MPL and JAK2 and a more severe phenotype [Bersenev et al. 2008; Gery et al. 2007; Tong et al. 2005; Tong and Lodish, 2004] . However, the relationship between specific LNK mutations and MPN phenotype is likely to be complex, given that PH domain mutations were also identified in PMF and post-PMF AML , and that the E208X stop codon mutation was found in a patient with erythrocytosis . Further mechanistic studies will address how these LNK mutations contribute to MPN pathogenesis in vivo.
The impact of LNK mutations on disease phenotype may also be related to the specific cell type that acquires LNK mutations. In our initial report describing the LNK DEL and E208Q mutations, cytokine-responsive CD34 þ early progenitors were abnormally abundant in both patients, and the LNK DEL mutation was Therapeutic Advances in Hematology 2 (1) specifically detected in this activated early progenitor compartment . This suggests that LNK mutations can represent an early genetic event in MPN pathogenesis, akin to JAK2 V617F in PV [Jamieson et al. 2006] . In addition, as some MPN patients specifically acquire LNK mutations at transformation , the timing of these genetic events are likely to play a role in their pleiotropic effects on MPN pathogenesis.
Conclusions
Although activated signaling in MPNs has historically been linked to mutations in tyrosine kinases such as JAK2 and MPL, the role of negative feedback pathways in regulating JAK-STAT signaling has become evident in recent years. This has been highlighted by the identification of novel LNK mutations in a variety of MPN subtypes, as well as both chronic and blast phase MPNs. These findings indicate that specific LNK mutations may result in differential effects on LNK function and JAK-STAT signaling, and that their contribution to MPN pathogenesis may be further modulated by the context in which these mutations are acquired. As the majority of LNK mutations affect the PH domain, future studies should address the effects of these mutations on plasma membrane localization, and determine whether the mutant protein can exert a dominant negative effect. As some MPN patients lacking JAK2 or MPL mutations have exhibited responses to JAK2 inhibitors, the identification of LNK mutations may provide an explanation for at least a subset of these patients. These findings will aid in the future development of targeted therapies in MPNs.
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